Background: The ability to descend stairs independently is impaired from a relatively early stage in 2 patients with knee osteoarthritis. The purpose of this study was to evaluate the performance in patients 3 with knee osteoarthritis when stepping down a step by evaluating the dynamic stability using the 4 extrapolated center of mass. 5
Introduction 22
Knee osteoarthritis (knee OA) is one of the most common lower extremity diseases in the elderly 23 [1, 2] known to cause pain, joint stiffness, and limitations in activities of daily living [3] [4] [5] . The ability 24 to independently negotiate stairs is frequently required in daily living. However, this ability, 25 particularly the action of descending stairs, is easily impaired to the extent that many patients with 26 knee OA are unable to ascend or descend stairs without any assistance, even if these patients' 27 conditions are not severe enough to indicate surgery. Previous studies have described that patients with 28 knee OA demonstrated a slower stair descent than their healthy elderly counterparts [6] and patients 29 gradually developed difficulties in stair decent with disease progression [7, 8] . It was also reported 30 that knee OA patients who underwent knee replacement could not completely recover from their 31 abnormality in descending stairs, such as a decrease in descent speed [9] and the use of a handrail [10] , 32 even several months after surgery. Based on these studies, it was supposed that the decline in the ability 33 to descend stairs caused by knee OA would limit mobility independence in the long term. In addition, 34 of mass (XcoM), which is a concept based on an inverted pendulum model [12] . XcoM is obtained(Vicon Nexus; Vicon Motion Systems Ltd., Oxford, UK) and force platforms (Kistler Japan Co., Tokyo, 104 Japan). The step was placed upon the platform, and ground reaction force data were collected during 105 the trials. The sampling frequency of the motion analysis system and force platforms were 200 Hz and 106 1000 Hz, respectively, and these two were synchronized during the analysis. Thirty reflective markers 107 were placed on the following bony landmarks by a single examiner: the spinous process of the seventh 108 cervical vertebra and the tenth thoracic vertebra, suprasternal notch, xiphoid process, bilateral 109 acromioclavicular joints, lateral humeral epicondyle, styloid process of the radius, anterior superior 110 iliac spine, posterior superior iliac spine, superior aspect of the greater trochanter, lateral and medial 111 femoral epicondyle, lateral and medial malleolus, first and fifth metatarsal heads, and calcaneus. The 112 hip joint center was determined by first calculating a vector linking the reflective markers attached at 113 both greater trochanters. Then, the hip joint center was identified as the interpolated point located at a 114 distance of 18% of the vector norm from each marker attached at the superior aspect of the greater 115 trochanter along the vector. The knee joint center was determined as the mid-point between two 116 markers located at the lateral and medial femoral epicondyles. The ankle joint center was located at 117 the mid-point between the lateral and medial malleolus [16] . 118
The Vicon Bodybuilder (Vicon Nexus; Vicon Motion Systems Ltd., Oxford, UK) application was 119 used for calculating the position of the CoM with respect to laboratory coordinates. Joint angles and 120 internal moments in the sagittal plane were also calculated at the hip, knee, and ankle of the involved 121 limb. The internal joint moments were determined by using inverse dynamics. Before these 122 calculations, displacement of each marker was filtered using a fourth-order Butterworth low-pass filter 123 with a 6-Hz cutoff. The moment of inertia was determined as in previous study described by Winter 124 et al. [17] . All kinetic data were low-pass filtered with a 25-Hz cutoff and normalized for body weight 125 and height. 126
where pCoM is the anterior-posterior position of the CoM, which was projected to the ground, vCoM 131 denotes the anterior-posterior velocity of the CoM, g is the acceleration of gravity, and l is the distance 132 between the CoM and the center of the ankle joint (Fig. 1) angle and internal joint moment were also sampled at the same time to clarify which joint 146 kinematic/kinetic variables were most associated with the performance of stair descent in these 147 patients. Further, a value for the support moment, which was defined as the summation of hip extension, 148 knee extension, and ankle plantar flexion moments [18] , was obtained, and the proportions of each 149 joint moment to each support moment were calculated. This timing was chosen for analysis because 150 patients' motion at this timing was easily observed visually even in the clinical setting. In addition, the 151 timing was chosen because the body would move in accordance with the inverted pendulum model 152 immediately after the initiation of the descent movement, while CoM continues to drop during stair 153 descent (i.e. the CoM movement would gradually deviate from the inverted pendulum model). 154
It was also selected because controlling anterior-inferior rotation of the body at this timing, when 155 the swing limb started going down toward the lower step, requires much energy to be generated by the
Statistical analysis 159
For each kinematic and kinetic variable, the averaged values of the three trials were used for 160 subsequent statistical analysis. First, Pearson correlation coefficient was calculated between the time 161 taken for TUG and MoS to evaluate the relationship between the MoS and each patient's functional 162 balance ability. Furthermore, the relationships between the joint angle and internal joint moment at 163 each joint and the MoS were assessed using the same correlation coefficients. Spearman rank 164 correlation coefficients were also calculated between the MoS and the proportions of each joint 165 moment by support moment. The significance level was set at 5%. IBM SPSS statistics 20.0 was 166 used for the statistical analysis. 167 168
Results 169
The mean time taken for the TUG test was 6.83 sec (Table 2 ). Kinematic and kinetic variables 170 including MoS, anterior-posterior position and velocity of CoM, joint angles, internal joint moments, 171 and the proportions of each joint moment by support moment are shown in Table 3 . MoS was 172 positively correlated with the time taken for TUG and was significant (r = -0.42, p < 0.05, Table 2 and 173 Fig. 2 ). For the joint angles and internal joint moments, a positive correlation was observed between 174 the ankle dorsiflexion angle and the MoS (r = 0.44, p < 0.05), while hip extension moment was 175 negatively correlated with MoS (r = -0.57, p < 0.01). It was also found that a higher ratio of anklein the lower extremity) affected the stair descent performance. As a result, it was suggested that 186 dynamic stability control during stepping down was associated with angular displacement and internal 187 torque generation not at the knee but mainly at the ankle joint, which supported our hypothesis. 188
We presumed that it is reasonable to evaluate the dynamic stability to quantify patients' performance 189 because control of the anterior-inferior rotation of their body caused by gravity is required when 190 descending stairs. Therefore, the MoS, which indicates the magnitude of the deviation between XcoM 191 and BoS, was calculated for each patient with knee OA to evaluate their dynamic stability while 192 descending a step. Although XcoM, which is based on the inverted pendulum model, is the estimated 193 position of the center of the body mass, movement during stair ambulation does not always accord 194 with this model. In terms of stair descent, the distance between the CoM and the ankle joint center is 195 gradually shortened as the body descends toward the lower step (i.e., l is gradually shortened). 196
Therefore, the XcoM calculated in this study might be overestimated compared to the actual location 197 in which the CoM was moving, which was also mentioned in a previous study that investigated XcoM The results of this study showed that patients who performed the TUG test quickly could descend 203 a step with a larger MoS. Since the TUG test includes the motions of walking, changing direction, 204 standing, and sitting, the time taken for the TUG test is commonly used as an evaluation of ambulation 205 ability [19] . Subjects who could perform the TUG test rapidly were acknowledged to have high 206 ambulation ability. While the TUG test is also used for evaluating functional balance in general, we 207 applied this test to patients with knee OA in an attempt to clarify the relationship between the 208 functional balance ability (dynamic stability control in activities of daily living) and MoS during stair 209 descent. Several previous studies have disclosed that if the XcoM exceeds BoS (which would be 210 equivalent to the MoS becoming larger in this study), the body might be unstable [20] , which could 211 induce falling. On the other hand, when a subject initiates any kind of ambulation, CoM needs tocould increase their MoS more than patients with low dynamic stability control at initiation of stair 214 ambulation. In this study, the timing when the heel of the uninvolved limb descended lower than the 215 edge of step, that is when the swing limb started moving towards the lower step, was chosen for 216 analysis. As patients descended only one step in this study, which is unlike stair negotiation 217 encountered in daily living, the timing mentioned above was close to the initiation of ambulation. 218
Patients with high dynamic stability control were observed to start descending with a larger MoS. their CoM anteriorly when they initiated stair descent, those who had high dynamic stability control, 229 were expected to descend the step with a larger ankle dorsiflexion angle. In contrast, patients who had 230 an inferior ability for stair descent could not move their CoM anteriorly due to the decrease in the 231 ankle dorsiflexion angle. Although the performance of stair descent is generally thought to be affected 232 by pain in patients with knee OA, patients included in this study did not have severe pain (the mean 233 VAS score in daily activities was 29 mm) that could have affected their movement in each trial. 234
The results also indicated several relationships between the length of the MoS and several kinetic 235 variables. Larger MoS values were associated with a higher ratio of internal ankle plantar flexion 236 moment to support moment, while a higher hip extension moment and its ratio to support moment had 237 an opposite relationship with MoS. According to these results, patients with high ability in dynamic 238 stability control were assumed to initiate stepping down with greater ankle plantar flexion torque. 239
Based on a previous study, which clarified the association between the magnitude of internal ankle 240 plantar flexor torque and anterior velocity of the CoM during stair descent in healthy elderlyparticipants [15] , it was suggested that greater ankle extensor torque was associated with MoS, which 242 is calculated using the anterior velocity. Since the support moment was not significantly correlated 243 with the length of the MoS in this study (r = 0.34, p = 0.108), patients who could perform a stair 244 descent smoothly generated a relatively large amount of ankle plantar flexor torque regardless of how 245 much gross amount of leg extensor torque was generated. Regarding the negative correlation between 246 internal hip extension torque and MoS, patients who did not generate enough extensor torque at the 247 ankle joint, that is, those who did not displace their CoM anteriorly enough, were presumed to 248 compensate for the shortage of support moment with hip extensor torque to support their body weight. 249
There were some limitations to this study; first, this study only included patients with knee OA. 250
Further investigation will be required because this study did not compare these kinematic kinetic 251 variables with healthy, age-matched subjects and hence cannot conclude that the changes in movement 252
were derived solely from knee OA. Another limitation was that the task in this study was a simulated 253 step down, which is not quite the same as the type of stair descent that patients encounter in daily 254 living. However, this study used stepping down for motion analysis because not all of our patients 255 could descend stairs without using a handrail; therefore, we could not use actual stairs for safety 256 reasons. Finally, we evaluated the participants' stair descent performance by analyzing the correlation 257 between the length of MoS and time taken for the TUG test. This test, which is commonly used to 258 evaluate abilities in ambulation and functional balance, was applied to patients in order to measure 259 their performance during stepping down. However, since the TUG test does not include stair 260 ambulation as one of its tasks, the application of this test for evaluating the ability of stair ambulation 261 has not been defined. Further study that uses a measurement to evaluate patients' ability will likely be 262 required with a particular focus on stair ambulation. 263 264
Conclusion 265
This study aimed to evaluate the performance of stair descent, an activity that is difficult for 266 patients with knee OA, by using the XcoM and MoS, which express the dynamic stability in 267 ambulation. The results showed that patients with high dynamic stability control were able to movetheir XcoM more anteriorly at the initiation of step down, and these patients were observed to descend 269 a step with a larger ankle dorsiflexion angle and more ankle plantar flexor torque. The findings in this 270 study will contribute to movement modification or exercise prescriptions for patients who experience 271 an impaired ability of stair negotiation. 272 
Highlights
• We evaluated dynamic stability control during stepping down in patients with knee osteoarthritis.
• The degree of dynamic stability control was quantified by calculating the extrapolated center of mass.
• Patients with high dynamic stability control were able to move their extrapolated center of mass more anteriorly at the initiation of step down.
• Adequate ankle joint dorsiflexion and plantar flexor torque generation would improve the performance during stair descent in patients with knee osteoarthritis.
